Phospholipids were found to be a constant component of rat glomerular basementmembrane preparations. The concentration fell during preparation of basement membrane by sonication of whole glomeruli, but then remained constant despite continued sonication. The proportions of the individual phospholipids were different from those of whole renal tissue or of isolated glomeruli. The basement-membrane preparations had no (Na+ +K+)-activated adenosine triphosphatase activity, an enzyme that is bound to plasma membranes. The concentration of lipid P was decreased on exposure in vivo or in vitro to antiserum against basement membrane; 7 days after injection of antiserum there was a change in the phospholipid composition, with a relative increase in phosphatidylcholine and a decrease in sphingomyelin content. The metabolic turnover rate of the lipid P remaining in the membrane was normal, as determined by 32p incorporation. The loss of phospholipid was associated with decreases in the relative concentrations of hydroxyproline, hydroxylysine and glycine, and relative increases in proline, lysine, serine, threonine and valine. Administration of aminonucleoside and daunomycin produced proteinuria but did not cause a decrease in lipid P. Anticollagen and anti-lymphocyte sera that attached to the basement membrane but failed to produce proteinuria, also failed to affect the phospholipid content.
Phospholipids were found to be a constant component of rat glomerular basementmembrane preparations. The concentration fell during preparation of basement membrane by sonication of whole glomeruli, but then remained constant despite continued sonication. The proportions of the individual phospholipids were different from those of whole renal tissue or of isolated glomeruli. The basement-membrane preparations had no (Na+ +K+)-activated adenosine triphosphatase activity, an enzyme that is bound to plasma membranes. The concentration of lipid P was decreased on exposure in vivo or in vitro to antiserum against basement membrane; 7 days after injection of antiserum there was a change in the phospholipid composition, with a relative increase in phosphatidylcholine and a decrease in sphingomyelin content. The metabolic turnover rate of the lipid P remaining in the membrane was normal, as determined by 32p incorporation. The loss of phospholipid was associated with decreases in the relative concentrations of hydroxyproline, hydroxylysine and glycine, and relative increases in proline, lysine, serine, threonine and valine. Administration of aminonucleoside and daunomycin produced proteinuria but did not cause a decrease in lipid P. Anticollagen and anti-lymphocyte sera that attached to the basement membrane but failed to produce proteinuria, also failed to affect the phospholipid content.
In previous studies on antiserum nephritis in the rat one of the most consistent changes in chemical composition of the glomerular basement membrane was a decrease in lipid P . Subsequently it was found that this decrease was related in time to the development of proteinuria and that there was a quantitative relationship between the extent of the decrease and the severity of proteinuria (Gang & Kalant, 1970) . Loss of lipid P of the same magnitude occurred on incubation of glomerular basement membrane with decomplemented antiserum in vitro; the extent of loss was related to the amount of antibody deposited. It was concluded that the decrease of lipid P in vitro and in vivo was a direct result of antibody deposition. In vivo, antibody deposition leads to proteinuria, presumably dependent on a change in basement-membrane structure; it is not clear from previous experiments if the loss of lipid P from the membrane is an essential feature of the structural change or if it is an independent effect of the antibody deposition. The present work was undertaken to learn more about the phospholipids and their role in the glomerular basement membrane.
Methods
Male Sprague-Dawley rats were used throughout; for studies in vivo animals of 150-200g were chosen, Vol. 129 whereas animals of 300g or more were used as a source of basement membrane. The membrane was prepared as previously described (Gang & Kalant, 1970) .
Antisera against basement membrane and against rat tail-tendon collagen were prepared in adult female rabbits, by using Freund's complete adjuvant. Anti-lymphocyte serum was obtained from Dr. H. E. Taylor of the Medical Research Council, Ottawa. Antiserum nephrosis was induced by three consecutive daily intravenous injections of 0.2ml of anti-(glomerular basement membrane) serum.
Lipids were extracted in chloroform-methanol (2:1, v/v) and washed to remove water-soluble contaminants (Folch et al., 1957) . Lipid P in the extract was measured by a micro-modification (Gang & Kalant, 1970) of the method of Bartlett (1959) . T.l.c. of phospholipids was done on 20cm x 40cm basic silica plates (Skipski et al., 1964) prepared from silica gel H (E. Merck A.G., Darmstadt, Germany) washed by the method of Parker & Peterson (1965) . Plates were used within 1 week of preparation. The solvent system chloroform -methanol -acetic acid -water (50:25:7:3, by vol.) (Skipski et al., 1963) provided good resolution of all classes of phospholipids, including phosphatidylserine and phosphatidylinositol. All solvents except acetic acid were redistilled. For quantitative measurement after t.l.c., the dried plates were sprayed with 50% (v/v) H2SO4 and heated at 180°C for 10h; the charred spots were quantitatively transferred to test tubes and the P was determined (Kahovcova & Odavic, 1969) .
For experiments involving radioactivity, carrierfree sodium [32P]orthophosphate (Charles E. Frosst & Co., Montreal, Canada) was used. 32P radioactivity was measured in a liquid-scintillation counter by the Cerenkov effect (Haberer, 1966; Ross, 1969) . After measurement of P colorimetrically, the colour was destroyed (Palmer, 1969) , the sample transferred to a counting vial, the volume adjusted to 10ml and counting carried out in a liquid-scintillation spectrometer at 50C, to an accuracy of +1 %.
For amino acid analysis, dried samples of 0.5-1.3 mg of glomerular basement membrane were hydrolysed in 6M-HCI at 1 10°C for 24h, in sealed evacuated tubes previously flushed with N2. The samples were dried, redissolved in 2.0ml of 0.1 M-HCI and, after addition of norleucine as an internal standard, were analysed by an accelerated twocolumn method (Spackman et al., 1958) by using a Jeol automatic amino acid analyser. When hydroxyproline alone was measured, the method of Woessner (1961) was used.
Infrared spectroscopy was performed by the KBrdisc method and on air-dried films on AgCl plates, by using a Perkin-Elmer model 521 spectrophotometer. Electron-spin-resonance (e.s.r.) spectroscopy was performed with protein (nitroxide of N-ethylmaleimide) and lipid (stearate labelled with nitroxide on C-5 or C-12) spin labels as described by Simpkins et al. (1971) .
Phosphorescence spectroscopy was done by the method of Purkey & Galley (1970) 
Results

Origin ofphospholipids
The possibility was previously considered (Gang & Kalant, 1970) reasonably assumed that hydroxyproline in the preparation is confined to the basement membrane, and since the concentration of hydroxyproline does not change in antiserum nephrosis (Gang & Kalant, 1970) , the inability to lower the ratio of lipid P to hydroxyproline may be taken as an indication that the lipid P is an integral component of the basement membrane. Initial sonication caused a decrease in the ratio, but further prolonged sonication failed to lower the ratio further (Gang & Kalant, 1970) ; this finding was confirmed in the present work (Fig. 1) . It was still possible that there was plasma membrane firmly attached to the basement membrane; to test this eventuality, normal membrane and a portion of membrane solubilized by trypsin (Mohos & Dudas, 1970) were assayed for (Na+,K+)-ATPase, which is an enzyme marker for plasma membrane. Though slight ATPase activity was found, it was not sensitive to ouabain at a concentration (0.1mM) previously shown to produce a 50% inhibition of (Na+,K+)-ATPase of rat renal plasma-cell membranes (Ebel et al., 1971) . If (Na+,K+)-ATPase and lipid P were both associated with residual plasma-membrane, which was removed by nephrotoxic serum, one might expect parallel decreases in enzyme activity and lipid P. To test this possibility, 1 ml portions of a basementmembrane suspension in phosphate-buffered saline (0.01 M-potassium phosphate in 1.5 M-NaCl, pH7.4) were incubated with 1 ml of nephrotoxic serum or control serum for various time-intervals; the mem- membrane preparation A suspension of glomeruli was sonicated in 30s bursts; a portion was removed after each period of sonication for isolation of the basement membrane, which was then analysed for lipid P and hydroxyproline as described in the Methods section. Samples of a membrane suspension in 0.01 M-potassium phosphate buffer, pH7.4, were incubated with the sera for the times shown. The membrane was then removed and treated with trypsin to solubilize the ATPase as described in the Results section. The enzyme was assayed in the presence of Na+ and K+; residual membrane was extracted for measurement of lipid P.
brane was removed from the incubation medium, then treated with trypsin to solubilize ATPase activity (Mohos & Dudas, 1970) . Measurements were made of lipid P and of ATPase activity. The results (Fig.  2) show the expected progressive decrease in lipid P, and a much more rapid decrease in ATPase activity, on treatment with nephrotoxic serum. Control serum produced a slow decrease in ATPase activity and no change in lipid P. The nephrotoxic serum thus appeared to produce a specific loss or inhibition of the ATPase.
Nature ofphospholipids Pools of glomerular basement membrane were prepared from normal and 7-day nephrotic rats and from normal basement membrane incubated with nephrotoxic serum as described in the preceding section: phospholipids were extracted and subjected to quantitative t.l.c. The results (Table 1) confirm the loss of lipid P after exposure to nephrotoxic serum both in vivo and in vitro. The phospholipid pattern was essentially unchanged by incubation with nephrotoxic serum, but injection of this serum led to a significant increase in the proportion of phosphatidylcholine and a decrease in sphingomyelin. In Table 2 the composition of basement membrane is compared with that of whole glomeruli and whole kidney obtained by the same procedure, Table 1 . Effect of nephrotoxic serum on phospholipid composition ofglomerular basement membrane Glomerular basement membrane was prepared from normal and nephrotic rats as described in the Methods section. Portions of the normal membrane were incubated with nephrotoxic serum. Phospholipids were extracted from unincubated normal, incubated normal and nephrotic basement membrane and examined by t.l.c. as described in the text. Values are expressed as % of total lipid P on t.l.c. Results were tested by an analysis of variance, with multiple classification; the differences among the three groups were significant at the 2.5% level for sphingomyelin and at the 5 % level for phosphatidylcholine.
Composition (% distribution on thin-layer chromatogram) (2) 2.0 (0.5-3.5) 6.1 (6.0-6.2) 29.0 (27.0-31.0) 30.3 (27.3-33.4) 5.4 (4.8-6.1) 6.6 (5.9-7.3) 13.3 (12.4-14.2) 7.8 (7. (Fig. 3) . The absolute amount of 32p incorporated was always significantly lower in the nephrotic animals, but the specific radioactivity of the lipid P did not differ from normal at any time during the experiment.
Protein changes associated with loss of lipid P In antiserum nephrosis the composition of the glomerular basement membrane is not abnormal with regard to total N and collagen content but the membrane is thickened, its electrophoretic mobility is decreased and it gives an abnormal X-ray-diffraction powder diagram . It was suggested that the latter changes reflect a change in conformation of the membrane proteins which resulted in increased permeability to serum proteins.
If the loss of lipid P is an essential step in the process leading to increased permeability, then exposure in vivo and in vitro to nephrotoxic serum leading to such loss should also produce some change in membrane protein. The effects of exposure to nephrotoxic serum on the composition and structure of the membrane were therefore made, by amino acid analysis, i.r., e.s.r. and tryptophan-phosphorescence spectroscopy. Table 3 . Amino acid composition ofglomerular basement membrane after exposure to nephrotoxic serum Amino acid analysis was performed on normal glomerular basement-membrane incubated with phosphate buffer (0.01M, pH7.4), with normal rabbit serum and with nephrotoxic serum, and on basement membrane from nephrotic rats 14 days after administration of nephrotoxic serum. Analysis of variance was performed for each amino acid. For those showing an F ratio with P60.01, comparisons were made among means; those differing from control groups (normal membrane incubated with buffer or normal rabbit serum) with a P<0.05 are marked *.
Amino acid content (residues/1000 residues)
Normal basement membrane incubated with (21) whether the loss was non-specifically associated with antibody deposition, normal basement membrane was incubated with antisera that fix to the membrane but do not produce proteinuria, i.e. anti-collagen serum (Rothbard & Watson, 1965; Huang & Kalant, 1968) and horse anti-(human lymphocyte) serum (Wilson et al., 1971 (Table 5) . Replicate samples of normal basement membrane were incubated with 1ml of normal rabbit serum, nephrotoxic serum, anti-collagen serum or anti-lymphocyte serum. The results (Table 5) show that the sera that bound to 1972 Table 5 . Effect ofantisera binding to glomerular basement membrane on proteinuria in vivo and on lipid P in vitro Antisera which bind to the glomerular basement membrane were injected intravenously on three consecutive days; proteinuria was measured on the sixth day. Normal basement membrane was incubated with the antisera as previously described, then analysed for lipid P. 
Discussion
There have been numerous reports of sugar, amino acid and phospholipid analyses of glomerular basement membrane. Some of the discrepancies in the values reported may be due to species differences, but undoubtedly most are due to differences in preparation of the membrane. Unfortunately there is no easily applied and categorical criterion of purity or intactness of the preparation. Several laboratories working with rat and human basement membrane have found significant concentrations of lipid P (Misra & Berman, 1966; von Bruchhausen & Merker, 1967; Gang & Kalant, 1970; Westberg & Michael, 1970) , whereas others working with bovine material (Spiro, 1967) have not. Thus it is not certain whether the presence of lipid P signifies contamination by renal-cell plasma membrane or its absence indicates removal of an integral component of basement membrane during preparation. The evidence in the present work favouring the view that the lipid P is a component of the basement membrane is as follows:
(a) The concentration is relatively constant from sample to sample and is not decreased by prolonged sonication.
(b) The phospholipid pattern is different from that of whole kidney, glomeruli and renal subcellular components and from plasma membrane of erythrocytes, the foreign cells most likely to be present as a contaminant. Westberg & Michael (1970) , working with human tissue, also noted differences in the phospholipid pattern between basement membrane and renal cortex.
(c) Absence of (Na+,K+)-ATPase enzyme known to be associated with plasma membrane. Ifincubation with nephrotoxic serum had decreased lipid P and ATPase activity at the same rate, this would have been evidence favouring the 'contamination' view. The Vol. 129 enzyme activity, however, decreased much more rapidly than the lipid P, and also much more rapidly than the activity of basement membrane incubated with normal rabbit serum. It therefore appears that nephrotoxic serum produces a specific loss or inhibition of the enzyme. The present experiments suggest, but do not establish, that phospholipids form an integral part of the glomerular basement membrane. If, however, some of the phospholipid molecules are components of the plasma membranes of epithelial or endothelial cells, adherent to the basement membrane, then one must conclude that binding of nephrotoxic antibody on the basement membrane releases these contaminating membranes from their attachment to the latter.
The finding that exposure to nephrotoxic serum in vitro decreases the total lipid P without changing the proportion of individual phospholipids is compatible with the latter idea. This may also explain the separation of endothelial cells from the basement membrane shortly after injection of nephrotoxic serum (Gang & Kalant, 1970) . However, 7 days after injection of the serum the composition of the phospholipids is significantly different from normal, with an increase in phosphatidylcholine content and a decrease in sphingomyelin content. This is most unlikely to be due to a change in composition of plasma membrane of glomerular cells, especially since antibody does not bind to these cells; it is much more likely to be the result of change in the basement membrane itself. We are therefore again led to the view that some, if not all, of the phospholipid present in the basement-membrane preparations used in this study is an integral component of this membrane.
The radioisotope studies indicate that total synthesis of basement-membrane phospholipids is decreased in nephrotic rats. It may be assumed that during the 6h duration of these studies, the pool of membrane phospholipid was in a steady state. The fractional rate of 32p incorporation may therefore be taken as equivalent to turnover. Since this was not altered in the nephrotic rats, it may be concluded that the phospholipid present in the basement membrane of these animals is undergoing a normal rate of synthesis and degradation. It is therefore suggested that nephrotoxic antibody binding destroyed or blocked some of the phospholipid-binding sites, releasing the phospholipids and preventing their replacement by a normal synthesizing mechanism. The change in phospholipid pattern in basement membrane from nephrotic rats indicates that the loss of phospholipids is not random, but involves specific structures within the membrane.
The loss of lipid P was accompanied by a number of changes in amino acid composition, which were qualitatively the same for exposure to nephrotoxic antibody in vivo and in vitro. Rabbit antibody globulin contains particularly high amounts of threonine, serine and valine, and much lower amounts of glycine than the basement membrane; it is devoid of hydroxylysine and hydroxyproline and contains more lysine and proline than basement membrane (Koshland et al., 1964) . If it is assumed that after incubation of the membrane in nephrotoxic serum there is deposition of antibody on the membrane in a ratio of 1:3, then some of the changes observed in the amino acid composition after exposure to antiserum in vitro and in vivo could be accounted for (Table 6 ); a number of serious discrepancies would remain, however (threonine, serine, proline, glycine, isoleucine). Thus the ratio of antibody to basement membrane required to produce the observed change in threonine would be 1 :12, whereas only pure antibody would give the observed value for proline. It is notable that deposition of antibody even to the extent of 1:3 would not be sufficient to explain the decrease in lipid P content by 'dilution' of the basement membrane.
A second possibility exists to explain the changes in the amino acid pairs (hydroxylysine+lysine) and (hydroxyproline+proline). In each case there was a decrease in the hydroxylated acid and an equimolar increase in the non-hydroxylated compound. The changes suggest a decrease in the number of the hydroxyl groups during the interaction of antigen with antibody.
It was assumed that the changes in primary protein structure would be reflected in conformational changes. Changes in the X-ray diffraction pattern and in charge density were previously demonstrated Table 6 . Amino acid compositions of rabbit antibody globulin and glomerular basement membrane The theoretical amino acid composition of a mixture of rabbit antibody with rat glomerular basement-membrane (1:3, w/w) is based on the analysis of antibody reported by Koshland et al. (1964) and on that of normal basement membrane reported in Table 3 . This calculated composition is compared with the observed composition of basement membrane incubated with nephrotoxic serum (Table 3) .
Content (residues/1000 residues) (Kalant etal., 1966) , but none of the physical methods employed in the present work revealed significant alterations.
The results obtained with anti-collagen and antilymphocyte sera demonstrate that loss of phospholipid is not a non-specific result ofbinding ofantibody to basement membrane and 'dilution' of the phospholipid by antibody protein, but is related to deposition of antibody which results in proteinuria. Phospholipid, together with cholesterol ester, is required for the organization of the secondary and tertiary structure of plasma high-density lipoprotein (Lux et al., 1971) ; there is thus precedent for suggesting that the phospholipid may play a similar role in glomerular basement membrane and that its removal by antibody leads to conformation changes that cause increased permeability to serum proteins.
The mechanism by which the puromycin aminonucleoside and daunomycin produce proteinuria is not established. Both substances can produce thickening of the basement membrane such as occurs in antiserum nephrosis, accompanied by marked proteinuria. However, it is apparent from the results with these substances that proteinuria can occur without a change in the phospholipid content. Previous evidence indicated that the nephrotoxic antibody is directed against the glycoprotein (Huang & Kalant, 1968) whereas aminonucleoside affects the collagen (Kefalides & Forsell-Knott, 1970) . It is therefore likely that the phospholipid is associated with the former. The differences between the effects of nephrotoxic serum on the one hand and aminonucleoside and daunomycin on the other indicate that several conformation changes affecting either the collagen or the glycoprotein may each lead to proteinuria.
